A mild and efficient protocol for the phosphine-free Suzuki-Miyaura coupling reaction of aryl bromides with arylboronic acids has been developed which utilizes the commercially available 10% Pd/C (3.5 mol% Pd) in ethanol-water (1:1) and Na 2 CO 3 at room temperature. The reaction is convenient, environmentally benign and generates excellent yields of the coupled products (94-100%). The catalyst can be recycled using simple filtration and washing sequences without significant decrease in the yield of coupling product up to the fourth run.
The palladium-catalyzed Suzuki-Miyaura cross-coupling reaction of aryl halides with arylboronic acids and esters has become a common and convenient synthetic method in organic chemistry for biaryl compounds. 1 The reaction has been applied to many areas, 2 including synthesis of natural products. 3 The reaction is normally promoted by a palladium catalyst precursor, a ligand that binds to the palladium center to stabilize the catalyst during the reaction process, and a base that captures the boronic acid moiety. Triarylphosphine/Pd complexes are commonly used as catalysts for the reaction. In recent years, the development of efficient catalysts by modifying traditional ligands has received much attention. Electron-rich, bulky phosphines 4 and phosphine oxides 5 have been reported to be effective ligands. Moreover, a number of important developments with phosphine-free ligands, such as C-based heterocyclic carbenes, 6 C,N-based 2-aryl-2-oxazolines, 7 aryloximes, 8 arylimines, 9 and N,N-based diazabutadienes 10 have been reported. These non-phosphine ligands have the advantage to overcome the problems of catalyst sensitivity to air and environmental concerns. However, most of those new ligands are not commercially available and some are difficult to synthesize; of those that are commercially available many are very expensive. Besides, the reaction often proceeds in the presence of a homogeneous palladium catalyst. It usually makes the recycling of the catalyst tedious if not impossible and might result in high palladium contamination of the product. A good way to overcome these difficulties would be the use of a heterogeneous palladium catalyst such as a solid-supported metal. Pd/C is one of the most common heterogeneous palladium catalysts which is widely used in heterogeneous hydrogenation reaction, and recent reports have demonstrated the application of Pd/C for the Suzuki-Miyaura coupling reaction. 11 However, they are usually limited to the more reactive aryl iodides, 11a,b or demand the use of special Pd/C, 11c high temperature conditions 11b-j and even Ph 3 P ligand. 11i-k To the best of my knowledge, phosphine-free Suzuki-Miyaura coupling of aryl bromides catalyzed by Pd/C at room temperature has not been reported. From the practical standpoint, it is convenient to conduct reactions at ambient temperature, avoiding heating and side reactions relating to high temperature such as hydrolysis of ester in the presence of base.
In this paper I wish to report my results that commercially available 10% Pd/C which can be recycled catalyze phosphine-free Suzuki-Miyaura coupling reaction at room temperature.
Firstly, the effect of solvent in the model coupling reaction of 4-bromoanisole (1a) with phenylboronic acid (2a) in the presence of 10% Pd/C using Na 2 CO 3 as base at room temperature was examined. The results are recorded in Table 1 , which show that the solvents used have dramatic effects on the yield of coupling product. In nonpolar or polar aprotic solvents such as toluene, dioxane, acetonitrile, acetone, DMF, triethylamine, the reaction provided only trace yields of the coupling products (entries [12] [13] [14] [15] [16] [17] . A considerable improvement of the yield was obtained when the reaction was carried out in protic solvents, for example, in ethanol and admixed with water (entries 4-7). The cross-coupling yield was also affected by the ethanol-water volumetric ratio. High or low water concentration had a deleterious effect, resulting in low yield. The optimal volumetric ratio was found to be 1:1, under which condition the yield of the coupled product was obtained in 96% under argon and 92% in air (entry 5).
Next, the effect of base in the coupling of 4-bromoanisole (1a) with phenylboronic acid (2a) in the presence of 10% Pd/C and ethanol-water (1:1) was examined. The results are recorded in Table 2 , which show that the bases used have effects on the yield of coupling product. Na 2 CO 3 and K 2 CO 3 resulted in excellent coupling yields (entries 1 and 8). NaHCO 3 afforded a good coupling yield (entry 3). Na 2 HPO 4 afforded a moderate coupling yield (entry 7). Tertiary amines afforded low coupling yields (entries 2 and 4). NaOH afforded a very low coupling yield (entry 5). To evaluate the scope and limitation of this procedure, the reactions of a wide variety of aryl bromides with arylboronic acids were examined by using 10% Pd/C (3.5 mol% Pd) as catalyst, EtOH-H 2 O (1:1) as solvent and Na 2 CO 3 as base (Table 3 ). Aryl bromides with either electronwithdrawing substituents such as NO 2 , CHO, COCH 3 , CO 2 C 2 H 5 , or electron-donating substituents such as OCH 3 coupled readily with arylboronic acids in excellent yields (94-100%). Compared with aryl bromides containing electron-donating substituents, aryl bromides containing electron-withdrawing substituents afforded faster reaction rates (for example entry 1 vs entries 2-4). Compared with arylboronic acids containing electron-donating groups, arylboronic acids containing electron-withdrawing groups afforded slower reaction rates (entry 14 vs entries 3, 7 and 11). The substrate with base-sensitive group was also tolerated (entry 15).
In order to illustrate the recycling of the catalyst, 4-bromoanisole (1a) and phenylboronic acid (2a) was coupled under 10% Pd/C as catalyst, EtOH-H 2 O (1:1) as solvent and Na 2 CO 3 as base. After filtering off the product with a filter paper, Pd/C was washed with water and diethyl ether, dried in the air at room temperature for 24 hours, and used directly in the next coupling experiment. This process was then repeated. The results are recorded in Table 4 , which show that the 10%Pd/C catalyst can be recycled. Even in the fourth run, the coupling product was obtained in a yield of 90% (entry 4).
An outstanding advantage of heterogeneous palladium on carbon is the ease with which they are separated from the reaction products and the facile recycling of the palladium. The Suzuki-Miyaura reaction is usually used in the last steps in convergent synthesis of bioactive molecules. That it is difficult to remove both the residual metal and ligands of homogeneous catalysts often presents a significant practical problem. Extra chromatographic, precipitation, or extraction steps are often required. However, in a heterogeneously palladium-catalyzed Suzuki reaction, only less than 1.0 ppm Pd in the reaction mixture was found after filtering the Pd/C through a 0.45 mm filter. 11e Because our method is phosphine-free and the catalyst is heterogeneous, the product isolation is simplified and potential side reactions between aryl groups of the phosphines and boronic acid are avoided. 12 In summary, phosphine-free Suzuki-Miyaura coupling reaction of aryl bromides with arylboronic acids has been developed which utilizes a commercially available 10% Pd/C (3.5 mol%) in ethanol-water (1:1) and Na 2 CO 3 at room temperature. The reaction is convenient, environmentally benign and generates excellent yields of the coupled products (94-100%). The catalyst is cheap and can be recycled using a simple filtration and washing sequence without significant decrease in coupling product yield even in the fourth run. Because the reaction is conducted at room temperature, the substrate with base-sensitive group such as ester can be tolerated.
All reagents and solvents were obtained from commercial suppliers and used without further purification. 10% Pd/C was supplied by Aldrich company. TLC was performed on silica gel 60 F 254 , 0.2 mm coated glass plates (Merck), and compounds were visualized under UV light (254 nm). Melting points were determined on a Yanagimoto melting point apparatus and were uncorrected. 1 H NMR and 13 C NMR spectra were recorded on a JEOL EX-400 (400 MHz). Low-and high-resolution mass spectra were taken on a JEOL JMS-SX 102A machine.
Suzuki-Miyaura Cross-Coupling Reaction; General Procedure
A glass tube was charged with the appropriate aryl bromide (0.5 mmol), the appropriate arylboronic acid (0.55 mmol), Na 2 CO 3 (200 mg, 1.89 mmol), 10% Pd/C (18.7 mg, 0.0176 mmol), H 2 O (1 mL) and EtOH (1 mL). After three vacuum/argon cycles to remove air from the reaction tube, the reaction mixture was stirred at r.t. under argon for the given reaction time (Table 3 ). Then the mixture was diluted with H 2 O (10 mL) and Et 2 O (10 mL) or CH 2 Cl 2 , and filtered using a membrane filter (Advantec Dismic-13HP, 0.45 mm). The organic phase was separated, and the aqueous layer was extracted with Et 2 O or CH 2 Cl 2 (2 × 10 mL). The combined organic layers were washed with H 2 O (10 mL) and dried (MgSO 4 ). The solvent was removed by evaporation in vacuo. The residue was purified by flash silica gel column chromatography, if necessary (Table 3) . 
